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ABSTRACT: Colloidal gel foams are composed of a continuous,
attractive particle network that surrounds and interconnects
dispersed bubbles. Here, we investigate their stability, morphol-
ogy, and elasticity as a function of foaming intensity, surfactant
concentration and hydrophobicity, pH, and colloid volume
fraction. Upon optimizing these parameters, highly stable colloidal
gel foams are created. Within this stability region, the specific
interfacial area between the continuous (colloidal gel) and
dispersed (bubble) phase can be varied over 2 orders of
magnitude leading to a concomitant increase in storage modulus,
which scales nearly linearly with specific interfacial area. Our
observations provide design guidelines for attractive-particle
stabilized foams that enable the programmable assembly of
architected porous materials.

Bl INTRODUCTION

Foams and emulsions are widely used in pharmaceuticals,'
food,™ cosmetics,” and, most recently, as inks for 3D printing
of lightweight cellular architectures.”® Their stability, structure,
and rheological properties must be tailored for each targeted
application of interest. Because of the large excess area
associated with the liquid—gas (foam) or oil—water (emulsion)
interfaces, such systems are inherently unstable and cream,
coalesce, or disproportionate in the absence of sufficient
interfacial stabilization. Colloidal particles, which irreversibly
adsorb onto these interfaces, are known to impart long-term
stability to both foams and emulsions, the latter of which are
referred to as Pickering emulsions.”~"” Particle stabilization is
highly effective at preventing van der Waals collapse, retarding
Ostwald ripening, and in some cases arresting gravitational
syneresis.” 0>

Interfacial stabilization arises when particles form an armor-
like layer at the liquid—gas or oil—water interfaces.">' If all
particles in the system adsorb onto the interfaces, interfacial
stabilization is possible for colloid volume fraction (¢.) as low
as approximately 0.0001—0.01, depending on the characteristic
particle size and total interfacial area.' In this case, van der
Waals collapse and Ostwald ripening are hindered by the
interfacial particle layer.'"'* For repulsive interparticle
interactions, the microstructure and elasticity of these systems
are qualitatively similar to surfactant stabilized foams and
emulsions.'>'® Namely, they possess negligible elasticity below
random close packing of thelcgilsgersed phase ((/)rcp = 0.635) and
gel-like elasticity above ¢, ..~ Several scaling laws have been
proposed for particle-free foams. In the limit where the volume
fraction of the dispersed phase (¢,) approaches unity (ie,
“dry” systems), Derjaguin,]9 and later Wilson,”® showed that
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the foam storage modulus (G’) scales as G’ ~ 6Z, where o is
the surface tension and X is the specific interfacial area
(interfacial area per unit volume). In their analysis, the elasticity
of the system is proportional to the surface tension in the
polyhedral faces of the compressed foam cells and the amount
of interfacial area in the system. Princen and Kiss,"” and more
recently Mason and Weitz,'® described dispersed system
elasticity over a broader ¢, range. Mason and Weitz showed
G' ~ 6(¢y — ¢h.p)/1, where r is the droplet radius."® Their
result emphasizes that elasticity in repulsive dispersed systems
scales with the Laplace pressure and arises when the system is
compressed above close packing, allowing adjoining interfaces
to transmit stress throughout the system. While particle-
stabilized systems exhibit similar scaling to their particle-free
counterparts, their elasticity scales with the elasticity of the
interfacial stabilizing layer instead of the Laplace pressure.”'>'¢
Interfacial stabilization can also occur when there are excess
repulsive particles dispersed in the continuous phase, beyond
what is necessary for forming particle-adsorbed interfacial
layers."”! In this case, system stability is further enhanced due
to the increased viscosity of the continuous phase, which
retards fluid flow.

When attractive interactions are introduced between
colloidal particles, the elasticity of the adsorbed particle layers
increases and the dispersed phase may percolate for ¢y <
(ﬁrcp.m’zz In some cases, individual particles may bridge two
interfaces, forming a Pickering emulsion gel.23 As the attractive
particle volume fraction increases beyond that required solely
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Figure 1. Stability, microstructure, and elasticity of colloidal gel foams (CGFs). (a) Scheme of CGF structure in which particle-stabilized bubbles are
connected by the gel network of the continuous phase. Bubble stabilization is enabled by controlling the contact angle of the particles such that they
spontaneously adsorb on the liquid—gas interface. Images of a representative CGF wet microstructure (b) immediately after foaming and (c) 1 week
after foaming (scale bars: 500 ym). Bubble volume fraction (¢,) and bubble size (d) are nearly identical between each image, indicating effective
stabilization. Plots of (d) apparent viscosity as a function of shear rate as well as storage (G’) and loss moduli (G”) (e) as a function of frequency (w)
and (f) shear stress (7), for the representative precursor gel and its corresponding CGF. Reported storage moduli values are taken at @ = 10 rad/s.

for interfacial stabilization, excess particles within the
continuous phase may form a space-filling particle network,
i.e, a colloidal gel, provided ¢_ > qbge],M_zs further suppressing
destabilization.””'***** The addition of a dispersed phase (e.g.,
air or an immiscible liquid) to the continuous colloidal gel
phase increases the elasticity of the system, where the bulk
elasticity is now affected by the attractive particle network that
surrounds the dispersed phase. The elastic properties of
attractive-particle stabilized systems may be akin to attractive
colloidal systems,” > i.e., G' ~ ¢, except G’ may depend on
either ¢, > ¢ depending on the aggregation
mechanism of the dispersed phase.

To date, most studies have focused on particle-stabilized
systems in which the droplet/bubble volume fraction and
stability are maximized, while retaining excellent flow proper-
ties."”"'° These design criteria favor systems with repulsive or
weakly attractive interparticle interactions and low ¢.."’
However, recent efforts to develop particle-stabilized foams
and emulsions for 3D printing of hierarchical porous materials
underscore the need for systems with strongly attractive
interparticle interactions and solids loading far above the limits
where percolation theory describes colloidal gel behavior.> For
example, we recently produced architected porous ceramics in
the form of open honeycomb lattices composed of closed cell
foam struts via direct foam writing.” Upon sintering, these
hierarchical structures exhibited excellent mechanical proper-
ties, including high specific stiffness. However, the structure and
elasticity of attractive-particle stabilized foams used to create
such structures, which we refer to as colloidal gel foams, are
poorly understood.”**

In this paper, we investigate the stability, microstructure, and
elasticity of colloidal gel foams (CGFs) created by mechanically
frothing aqueous suspensions of attractive alumina particles of

varying composition. Prior to foaming, the pure colloidal gels
exhibit a solid-like response, with a frequency-independent
storage modulus (G’) that exceeds the loss modulus (G”) in
the linear viscoelastic regime, fluid-like characteristics (G’ <
G”) at shear stresses (7) exceeding a critical yield stress (Ty),
strong power law dependence of G’ on $,°*"" and plateau
modulus (G’.) that is roughly 2 orders of magnitude lower than
their foamed counterparts (G’y) (Figure 1 and Figure S1). By
controlling the foaming intensity, surfactant concentration and
length, pH, and the colloid volume fraction of precursor gels,
we produce stable CGFs with distinct microstructural and
elastic characteristics. These foams exhibit similar rheological
characteristics to their precursors, i.e., pure colloidal
gels.””7°**7 We determine the processing window for
producing stable CGFs and show that foam elasticity scales
linearly with the specific interfacial area between the continuous
(gel) and dispersed (bubble) phases, rather than ¢, as expected
for pure colloidal gels in the absence of dispersed bubbles.””~**
Our results provide new insights into the structure—elasticity
relationships of colloidal gel foams as well as processing
guidelines for creating novel inks for additive manufacturing of
hierarchically porous materials.

B EXPERIMENTAL SECTION

Materials System. Colloidal gels and CGFs are produced by first
suspending an appropriate amount of @-alumina particles (AKP 30;
Sumitomo Chemical; mean diameter = 300 nm and Brunauer—
Emmett—Teller surface area ~7.5 m?/g) in deionized (DI) water at
pH< 3 (adjusted by adding hydrochloric acid, HCI) to produce a well-
dispersed colloidal suspension (¢, = 0.51). This stock suspension is
mixed in a planetary mixer (SpeedMixer DAC 600.2; FlackTek, Inc.)
for 1 min at 800, 1200, and 1600 rpm and 7 min at 2000 rpm to
disperse the alumina particles, followed by ball milling for at least 48 h
using S mm yttria-stabilized zirconia spherical milling media in a 2:1
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mass ratio relative to the suspension. After milling, A, the desired
amount of sodium X-sulfonate, where the number of alkane carbons
(X) varies from S to 7 (ie., sodium pentanesulfonate (X = 5), Sigma-
Aldrich; sodium hexanesulfonate (X = 6), Sigma-Aldrich; sodium
heptanesulfonate (X = 7), Alfa Aesar) is added per m” of colloid
surface area to partially hydrophobize the alumina particles.*® Colloidal
gels are produced from this stock suspension by adjusting their final ¢,
(0.25—0.45) and pH through the addition of DI water and either
sodium hydroxide or nitric acid. After each addition, the suspension is
mixed for 120 s at 2000 rpm. Once the desired solids loading and pH
have been achieved, the resulting colloidal gel is characterized within
24 h.

To create the desired CGFs, 60 g of each representative colloidal gel
is foamed in a 240 mL glass jar (SS CLR; VWR). Air is entrained using
a four-bladed impeller (316L Cross Stirrer; Scilogex) and overhead
mixer (0S20-S; Scilogex) at 400, 500, 750, 900, 1100, 1200, and 1500
rpm for 300 s each. Final foaming is performed with a flat-bottomed
whisk (triangular 10.5 in. flat bottom whisk; Rattleware) at 1500 rpm
for 90 s in the presence of an air stream (Movie S1). Foaming intensity
levels are denoted by 25% (400 rpm), 50% (750 rpm), 75% (1100
rpm), 100% (1500 rpm), and 100W% (100% + whisk), where a given
intensity level includes all lower intensities. All foams are characterized
immediately after foaming unless otherwise stated. CGFs are defined
as unstable, when any coarsening or drainage occurs within the first 24
h period. By contrast, the total bubble content and mean bubble size
are retained in stable CGFs for at least 1 week (Figure 1b,c).

Microscopy and Image Analysis. The bubble volume fraction
(¢y) and diameter (d) are obtained for each foam by carrying out
image analysis on micrographs acquired by transmission optical
microscopy (VHX 2000, Keyence). Images are taken immediately after
producing CGFs of varying composition. ¢, is obtained using the
systematic point count method (ASTM ES62-08). At least 420 grid
points are analyzed over 12.2 mm?® for each wet foam. d is obtained
using the linear intercept method for two-phase materials (ASTM
E112-13), where bubbles are defined as the dispersed phase and the
alumina gel is defined as the continuous phase. At least 60 mm of lines
are analyzed over 122 mm® To ensure equal interfacial area
comparison between CGFs with different bubble content, interfacial
area is reported per unit volume of foam and is calculated from ¢, and
d according to X = [(6¢,)/d] X 1000 where d is in ym, 1000 is a unit
conversion from ym to mm, and Z has units of mm?2/mm?> or mm~.>’
Reported averages and standard deviations correspond to values
obtained from at least three different images.

Contact Angle Measurements. These measurements are
performed by depositing a 10 uL drop of the surfactant solution of
interest onto an appropriately functionalized surface of a polished and
cleaned a-alumina substrate (AKP 30; Sumitomo Chemical). The
substrates are first cleaned by immersing them in a piranha solution
(3:1 ratio of sulfuric acid (96% H,SO,) to hydrogen peroxide (30%
H,0,)) followed by heating to 120 °C for at least 20 min. Each
substrate is rinsed with DI water for at least 1 min, dried in flowing
nitrogen, and then functionalized by immersion in an aqueous solution
with controlled surfactant composition and pH. After immersion, the
functionalized substrate is gently dried in flowing nitrogen. Contact
angle measurements are acquired by depositing a droplet of that same
surfactant solution onto the precleaned and functionalized alumina
substrate. All reported values represent the average and standard
deviation obtained from at least five separate measurements.

Rheometry. The rheological properties of the precursor colloidal
gels and CGFs are characterized at 21 °C using a hybrid rheometer
(Discovery HR-3 hybrid rheometer; TA Instruments). A 40 mm
tapered cone geometry (2.005° 56 ym truncation gap) is used for the
gels, while a custom-made 8-bladed vane (15 mm diameter, 38.5 mm
height, 1.3 mm blade thickness, 4 mm gap) is used for the CGFs. A
solvent trap is used for all tests to prevent solvent loss. Prior to testing,
all gels are homogenized for 60 s at 2000 rpm and then carefully
placed on the rheometer stage using a spatula. CGFs are tested
immediately after frothing and loaded into the cup using a custom
dispensing system to minimize differences in loading conditions
between specimens. Prior to acquiring measurements, each sample is

allowed to equilibrate for at least 15 min while undergoing low-
amplitude oscillatory strain (y) (y = 0.001%, which is within the linear
viscoelastic regime, Figure S2) or until G’ varied negligibly over the
experimental time scale. After equilibration, frequency sweeps are
performed between 0.1 and 100 rad/s with strain amplitude of 0.001%.
The values of G’ for the CGF (G’;) and precursor gel (G'.) are taken
at @ = 10 rad/s. Error bars correspond to G’ at 1 rad/s (lower bound)
and 100 rad/s (upper bound). Strain sweeps are performed from § X
10™* to 100% strain at 1 Hz. The shear yield stress, 7,, is defined by the
crossover point where G” exceeds G'. Flow sweeps are carried out
between 0.001 and 250 s™%.

B RESULTS AND DISCUSSION

Colloidal gel foams of varying composition are produced by
mechanically frothing aqueous suspensions of partially hydro-
phobized alumina particles (Movie S1). The particles
spontaneously and irreversibly adsorb onto liquid—gas (bubble)
interfaces introduced during foaming7’9_12’40 (Figure 1a) when
their attachment energy on the liquid—gas interface exceeds 10°
kT, where k is the Boltzmann constant and T is absolute
ter¥1lperature.”'41 The particle attachment energy (AE) is given
by

— cos 0)?,

AE = ﬂrpzqg(l 0 < 90° (1)

where 7, is the particle radius, o, is the liquid—gas interfacial
energy, and 0 is the contact angle. For the alkanesulfonate
surfactants used in our work, oy, should range between 72.8
mN/m (ie, pure water) and 40—50 mN/m (ie., an alkane
saturated water—gas interface).'"** Hence, a particle attach-
ment energy of 10° kT (or higher) is calculated for our colloidal
gel foams (r, = 150 nm) when 6 = 14°—90°, ! 14142

The adsorbed particles physically prevent the dispersed
bubble phase from van der Waals collapse and Ostwald
ripening and, for sufficiently attractive interparticle interactions,
arrest drainage, yielding a stable foam microstructure that
retains its characteristic bubble content and size over long
times."' Direct imaging of wet foams stabilized by alumina
particles (partially hydrophobized with A = 0.6 ymol/m? of X =
6, and a measured contact angle of 40 + 11°) immediately after
production (0 days) and aging (7 days) demonstrate that their
¢y, (60.0 + 3% and 59.0 + 5%, respectively) and d (34.9 + 2.7
um and 33.9 + 3.2 um, respectively) remain nearly constant
(Figures 1b,c).

The rheological properties of a representative precursor
colloidal gel and CGF (A = 0.6 umol/m* of X = 6, pH =5, ¢, =
0.35) are shown in Figures 1d—f. Under these conditions, the
colloidal particles are attractive, resulting in the formation of a
colloidal gel that exhibits strong shear thinning behavior with
an apparent viscosity ranging from ~1000 Pa-s at 107> s™" to
~0.06 Pa-s at 10> s7\. During mechanical foaming, the colloidal
gel network is subjected to high shear rates that disrupt the
attractive interparticle bonds, thereby allowing individual
particles to adsorb onto the liquid—air interface during air
entrainment. However, once foaming ceases, the attractive
particle network quickly re-forms under quiescent conditions
and surrounds each entrained air bubble. The plateau G’ (~2
% 10° Pa) and Ty (~30 Pa) of the colloidal gel network are
sufficiently high to prevent syneresis. We find that syneresis
does occur for CGFs created from colloidal gels with pH < 4.
Notably, after foaming the CGFs exhibit a sharp rise in their
apparent viscosity, which increases by more than an order of
magnitude over all shear rates investigated, along with a
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Figure 2. Foaming intensity effect on colloidal gel foam microstructure and elasticity. (a—e) Images of the CGF microstructure at 25%, S0%, 75%,
100%, and 100W% foaming intensity, respectively (scale bars: 500 ym). (f) Plots of bubble volume fraction (¢,), bubble size (d), and (g) specific
interfacial area (Z) as a function of foaming intensity. Plots of storage modulus (G’) as a function of (h) frequency (@) and (i) normalized fraction
of interfacially adsorbed particles (¢;,/¢b.), at the foaming intensities represented in (a—e) in the hexagonal limit for particle packing.
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concomitant increase in the plateau G'¢ (~10° Pa) and 7
(~10* Pa).

Next, we investigate the effects of mechanical foaming
intensity on the structure and elasticity of this representative
CGF (A = 0.6 umol/m* of X = 6, pH = S, ¢, = 0.35) (Figure
2). As foaming intensity increases from 25% to 100W%, ¢,
increases from 0.20 to 0.60, while d decreases from 158 to 35
um (Figure 2f). The foaming process leads to a concomitant
rise in ¥ from 7.5 to 103 mm’/mm?® over the same intensity
range (Figure 2g). Increasing foaming intensity also produces
stiffer CGFs; ie.,, G'; increases by over an order of magnitude

over the full foaming intensity range (6.7 X 10° Pa at 25% to
1.3 X 10° Pa at 100W%) (Figure 2h).

We hypothesize that the increased elastic response of CGFs
relative to their precursor gels may be related to the fraction of
particles adsorbed on bubble interfaces (¢;,). To estimate ¢,
we approximate each CGF structure as a monodisperse system
of spherical bubbles with size d, where the midplane of each
adsorbed colloidal particle of radius r, resides on the bubble
interface. Because the particle stabilization process is a
spontaneous surface phenomenon and 7, < d/2 for our
system, the packing of adsorbed colloids on the bubble
interfaces is two-dimensional and should attain a maximum
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¢ All CGFs described in (e—h) have A = 0.6 ymol/m? X = 6, and pH = 5.0 [scale bars: 500 ym].

packing density near hexagonal close packing limit.”*~* While
perfect hexagonal packing (0.906) is not rigorously feasible in
curved systems due to disclinations that form to accommodate
bubble curvature,*****” we note that it serves as a useful upper
limit for systems where r, < d/2.***** A more refined

P
estimate of peak packing density may be used when r, is similar

to /2. ’

For a given CGF, it is straightforward to determine the
volume of the continuous phase from ¢, allowing ¢, to be
calculated according to ¢, = (N;V,)/V,, where N; is the total
number of interfacial particles, V,, is the volume of an individual
colloidal particle, and V_ is the total volume of the continuous
phase. Figure 2i shows the evolution of G’ with the normalized
volume fraction of interfacial particles. At the lowest foaming
intensity level, less than ~0.5% of the particles within the CGF
are adsorbed on the bubble interfaces, yet G'¢ is 4-fold higher
than that of the pure colloidal gel, G'.. At the maximum
foaming intensity, ¢,/¢. ~ 0.12—0.13 and G’; is nearly 2
orders of magnitude higher than G’.. This dramatic increase in
CGF stiffness may arise from the significant adsorption energies
(~10° kT or higher for 300 nm particles) associated with each
particle adsorbed at the liquid—air interface.'"*' This pinning
energy is far higher than the estimated attractive interparticle
bonds (~few to 10s kT) between particles in the gel network.”
Moreover, because the interfacial particles are more densely
packed relative to the continuous gel phase,*® they give rise to
highly elastic, armor-like, layers that can dramatically affect bulk
elasticity.4’15’16 The observed rise in G'¢ with increasing = (and
therefore ¢;,,) occurs well below . since the continuous gel
network within the CGF binds the interspersed bubbles
together, effectively transmitting stress to the bubble interfaces
through the backbone of interconnected particle clusters within
the gel (Figure la). Similar trends are observed for all CGFs
studied (Figure S3).

CGF structure and elasticity can be further manipulated by
varying the composition of the colloidal (precursor) gel. The
effects of each of these variables, A, X, pH, and ¢, on CGF
structure and elasticity are reported in Figures 3 and 4 (see also

Figure S4 and Table S1), in which each CGF is subjected to
maximum (100W%) foaming. Particle hydrophobicity is
modified by varying the sodium hexanesulfonate (X = 6)
concentration (A) from 0.3 to 0.9 ymol/m” and by changing
alkane length from X = 5—7 at A = 0.6 ymol/m? (Figure 3a,b).
We find that the contact angle for all values of A and X studied
lies within the range of 35°—59° (Table S2). Importantly, G'_ is
nearly constant over the entire range of surfactant concen-
trations and alkane lengths investigated; i.e., G’ ranges from 1
X 10% to 2 X 10® Pa for pure colloidal gels, while G'; ranges
from 6 X 10° to 2 X 10* Pa for the CGFs.

As the surfactant hydrophobicity increases with longer alkane
chain length, we observe a concomitant rise in particle
hydrophobicity as reflected by our contact angle data, ie., 0
=35+ 2.5°for X =5and 0 = 59 + 5.0° for X = 7, which has a
significant effect on the resulting CGF microstructure. The
images provided in Figure 4 reveal that ¢, increases from 0.33
to 0.57 and d decreases from 69 to 27 um as surfactant length
increases from X = S to X = 7. Together, these changes are
reflected by an increase in X from 29 to 126 mm?*/mm?® for X =
S and X = 7, respectively. The effects of A on particle
hydrophobicity and CGF structure are minimal compared to
the alkane chain length. 6, ¢, d, and X range from 39 + 11° to
44 + 6° 0.33 to 0.47, 61 to 51 um, and 33 to 55 mm*/mm’,
respectively, for A values between 0.3 and 0.9 ymol/m” (Figure
S4).

Interparticle bond stiffness, reflected by G',, also affects CGF
properties. As pH is varied from 4.5 to S.5 (i, closer to the
isoelectric point of alumina (pH ~ 9), G'. increases from 1.0 X
10” to 4.0 X 10° Pa. Over the same pH range, ¢, increases from
0.36 to 0.49, d decreases from 66 to 49 um, and X increases
from 33 to 60 mm?/mm’ respectively (Figure S4). We
attribute the increase in X to changes in suspension stiffness,
rather than changes in particle hydrophobicity, because less
surfactant likely adsorbs onto the particles at higher pH values
due to their lower positive charge. Higher pH values also
correspond to stiffer CGFs (Figure 3c). G'; increases by an
order of magnitude from 2.9 X 10° Pa at pH 4.5 to 2.8 X 10* Pa
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at pH S.5. Higher pH most likely fosters stronger interparticle
attraction and increased flocculation in the continuous phase,
while increased X promotes higher ¢;,, and additional
interbubble bond formation. Both factors enhance the elasticity
of CGF systems."**"*

The number density of attractive interparticle bonds scales
with ¢.>° As ¢, increases from 0.25 to 0.45, G', increases
dramatically from 7.6 X 10' to 1.2 X 10* Pa (Figure 3d).
Interestingly, we find that systems with ¢, equal to 0.25 have
nearly the same X and higher G’; as systems with ¢. equal to
0.35, even though G'. is 10X higher in the latter case. As Figure
4 illustrates, their similarity in %, values of 52 and 50 mm?/
mm?®, respectively, arises due to differences in bubble
morphology. CGFs prepared from precursor gels composed
of ¢p. = 025 possess higher bubble content (¢b, = 0.68) and
larger bubble size (d = 79 um). By contrast, CGFs prepared
from precursor gels with ¢, = 0.35 possess fewer, but smaller,
bubbles (¢, = 045, d = 54 um). On the basis of these
morphology differences, we hypothesize that the increased
stiffness of CGFs with ¢ = 0.25 compared to CGFs with ¢, =
0.35 may stem from bubble interface distortion since ¢, >
(]ﬁrcp.ls Other attractive dispersed systems near the close packing
threshold also demonstrate stiffness increases relative to
systems in which ¢, is much lower than close packing."’
Note, however, that the random close packing fraction for
polydisperse systems may be as high as 0.68.”" The stiffest CGF
arises from the most concentrated precursor gel, ¢. = 0.4S,
explored. Because of its high G',, smaller bubbles (d = 15 ym)
are incorporated, leading to the highest X and G’; values of 152
mm?/mm?® and 2.9 X 10° Pa, respectively, despite having ¢, <
0.40.

Our observations suggest that interfacial stabilization
modestly affects the elasticity and microstructural evolution of
these colloidal gel foams. For example, there is a 4-fold increase
in ¥ accompanied by a 3-fold increase in G’y when X increases
from S to 7. By contrast, the particle network strongly affects
the foam morphology and stiffness. Both pH (bond stiffness)
and ¢, (bond density) increases lead to a pronounced increase
in %, and the elasticity of CGFs increases over an order of
magnitude over these experimental conditions.

While the microstructure and elasticity of CGFs are of
primary interest, we also explored the stability of CGFs to
understand the range of achievable properties. A stability map
for CGFs prepared with ¢, = 0.35, A = 0.6 umol/m? and
varying surfactant length, foaming intensity, and pH is shown in
Figure Sa. Stable foams are obtained between pH 4.5 and 6.75
with T values ranging from 6 to 233 mm*/mm?® (Table S3).
While bubbles could be entrained in precursor suspensions
below pH 4.5, these foams are unstable and cream within 24 h.
Within the stable region, the maximum X value at each pH
starts at 152 mm?/mm?® at pH = 4.5, peaks at 233 mm?/mm® at
pH S.5, and then decreases again to 136 mm®/mm? at pH 6.75.

Our results suggest the stiffness of the gel network critically
impacts CGF stability. The precursor gel must be robust
enough to arrest bubble movement but not excessively stiff so
to preclude aeration. During foaming, energy is supplied by the
impeller (E,,;,) to break apart particulate clusters within the
precursor gel and introduce air within the CGF. When E_;,
exceeds the energy required to introduce new interfacial area
(Einy), aeration occurs. We hypothesize that stiffer gels and
CGFs with higher X have higher E relative to less stift gels
and CGFs with lower %, since stiffer gels require more energy
to rupture interparticle bonds, and higher ¥ leads to more
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Figure S. Stability and elastic properties of CGFs. (a) Map of specific
interfacial area () and pH for CGFs formulated with colloid volume
fraction (¢.) = 0.35 and surfactant concentration (A) = 0.6 gmol/m?
highlighting regions of stable and unstable CGFs. The hatched region
would theoretically produce stable CGFs but is experimentally
inaccessible due to excessive gel stiffness. Plots of storage modulus
(G'¢) vs specific interfacial area (X) for (b) the representative CGF
formulation and (c) CGFs at pH 4.5, 5.0, and 5.5 for various solids
loadings (¢.) and alkane chain length (X).

particles adsorbed in strong bonding states on the bubble
interfaces.' Furthermore, E;, should increase progressively
during foaming as ¢, increases. Aeration ceases when E_; <
Eint'

The presence of dispersed, yet unstable, bubbles at pH < 4
(G'. £ 3.3 X 10" Pa) indicates that sufficiently hydrophobic
suspension conditions alone do not give rise to bulk foams, if
the continuous phase is not stiff enough to resist creaming.
Between pH 4.5 and S.5, G'. increases from 7.6 X 10 to 4.6 X
10* Pa and stable foams are formed. In this pH range, stiffer
gels are capable of entraining smaller bubbles without
compromising ¢y, leading to higher X (Figure SS). Note that
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¢, is similar between pH 4.5 (¢b, = 0.56) and pH 5.5 (¢h, =
0.53), but foams prepared at pH 5.5 possess bubbles that are
40% smaller in size than those found at pH 4.5, ie,, d = 14 ym
and d = 22 um, respectively. Therefore, peak X for stable CGFs
at pH < S.5 is limited by G’. since peak foaming intensity
produces increasingly small bubbles at similar air content.
However, as G’. increases from 4.6 X 10* to 1.8 X 10° Pa
between pH 5.5 and 6.75, a larger fraction of E_;, is devoted to
separating particle flocs, causing a significant reduction in ¢,
(pH 6.75: ¢, = 0.37) (Figure SS), yielding lower X. The upper
pH bound for foam formation occurs at pH 6.75, where E;; of
the gel alone exceeds E,;, preventing foam formation. Thus,
CGFs formulated at pH > 5.5 are limited by E,;, although in
principle stable foams should be accessible up to pH values
approaching the IEP with sufficiently energetic aeration. It is
expected that for ¢, < 0.35 the same stability trends would
occur except the lower bound stability threshold pH would
increase to compensate for lower interparticle bond density.
Conversely, for ¢. > 0.35, stability should begin at lower pH,
since bond density will be higher. For insufficiently hydro-
phobic particles, it is well-known that foaming will not occur
regardless of network structure.'”*' While particle hydro-
phobicity will also change as a function of pH, the physical
phenomena (ie., gravitational syneresis and interparticle bond
energy) that govern the stability bounds in our system depend
far more strongly on G’. than particle hydrophobicity.

To evaluate the scaling of G’ with X, we created CGFs from
nine different precursor formulations with X = 6 or 7 and ¢, =
0.25 or 0.35 over a pH range between the onset of CGF
stability (pH 4.5) and the pH value corresponding to the
maximum realized ¥ (pH S.5). For each formulation, the
surfactant concentration is fixed at 0.6 umol/m’ foaming
intensity ranges between 25% and 100W%, and % and G'; are
measured at each foaming level. Results for the reference CGF
are shown in Figure Sb. As foaming intensity increases, X and
G'; increase from 7.5 mm?*/mm?® and 6.7 X 10° Pa at 25% to
103 mm*/mm?® and 1.3 X 10° Pa at 100W%. Plotting G'; as a
function of X reveals a linear dependence with a scaling
exponent near unity (ie, n = 1.09, ¥ = 0.96). Remarkably,
similar scaling behavior is observed over a wide X range (X =
6—233 mm’/mm?*) independent of X, b, or pH (n,,, = 1.12 +
0.18) (Figure S6 and Table S4). These results may be explained
by the proposed CGF structure shown in Figure la. We
hypothesize that the partially hydrophobized particles adsorb
on the bubble interfaces, while the continuous gel phase
percolates between bubbles. The elasticity of the system arises
from the interconnected bubble-filled gel network. For a given
CGF, we assume that (1) interfacial characteristics are
governed by the precursor formulation, (2) all interfaces within
a given system have the same elastic properties, (3) there exists
a fixed number of bonds per unit interfacial area, and (4) new
interfacial area has the same probability of participating in
interbubble bonding, as previously incorporated interfacial
area.”” By increasing T at otherwise constant conditions, more
particles will partition to entrained interfaces, and the
connectivity of the bubble network will increase, leading to a
concomitant rise in G In good agreement with this proposed
structural model, we find that increasing X for a given foam
formulation via foaming intensity yields a linearly proportional
increase in elasticity, since every unit of interfacial area has the
same properties and interacts with the continuous gel
equivalently.

To compare the elasticity between foam formulations, one
must account for differences in the interbubble bond stifIness.
For systems with equivalent X, it is expected that the CGFs
with stronger interparticle attractions will have stiffer
interbubble bonds and therefore larger G’r. We observe this
behavior when G’y and X are compared as a function of bond
stiffness (i.e, pH) in Figure Sc. Namely, the same linear scaling
observed for individual formulations persists for each bond
stiffness level (pH 4.5: n = 1.17, ¥ = 0.81, pH 5: n = 1.13, r* =
0.92, pH 5.5: n = 1.10, 7* = 0.92), but the pre-exponential factor
¢, which is related to the effective interbubble bond stiffness in
our proposed microstructure—elasticity model, increases with
increasing pH from 2.56 Pa-mm” at pH 4.5 to 3.02 Pa-mm" at
pH 5.5 (Figure S7). These findings are similar to the results
reported by Derjaguin and Wilson for dry foams.'”*° However,
the mechanism for stress transfer in dry foam systems
(interfacial distortion) is replaced by attractive interparticle
bridges that form between neighboring bubble interfaces in
CGFs. When ¢, < ¢, interbubble bonding and interfacially
adsorbed particles most likely dominate their elastic response.
Of course, additional interfacial contributions to foam stiffness
would arise when ¢, > @,

B CONCLUSION

We have explored the stability, microstructure, and elasticity of
colloidal gel foams characterized by high solids loading and
attractive interparticle interactions. By manipulating particle
hydrophobicity, interparticle bond stiffness and density, and
foaming intensity, we created stable CGFs whose specific
interfacial area and stiffness could be varied over 2 orders of
magnitude. The boundary conditions for designing stable foams
have been defined. Our observations suggest that CGF
microstructures may be idealized as a network of particle
stabilized bubbles interconnected by attractive particulate
bridges that form within the continuous colloidal gel phase.
Over all foam compositions studied, we found that the foam
elasticity scales linearly with the specific area of the colloidal
gel—bubble interface. Our observations provide processing
guidelines to further advance the directed assembly of porous
architectures derived from colloidal gel foams.
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